The regioselective protection of both methyl galactopyranoside anomers at the 2 and 3-positions as the butane diacetal (BDA) is well known. Here we describe the formation of an unexpected byproduct, which mainly occurs when α-methyl galactopyranoside is reacted with 2,3-butanedione under BF 3 •OEt 2 catalysis. The structure of the byproduct, which did not arise from anomerisation to the β-anomer or from BDA formation at the galactopyranoside 3,4-positions,, was elucidated by NMR and X-ray crystallographic analysis, and proved to be the expected BDA protected galactopyranoside, but in which the stereochemistry of both its BDA acetal centres are inverted. Interestingly, the conformation of the resulting six-membered BDA ring was distorted to a skew boat conformation in order to maintain anomeric stabilisation.
Introduction
The ability to achieve regioselective functionalisation of polyfunctional substrates is a key feature in synthetic chemistry. In the case of carbohydrates, there is a large body of synthetic methodology allowing for regioselective protection. In this regard, the butane diacetal protecting group, which is selective for vicinal diequatorial diols, is widely used.
1,2 Hence, the protection of galactopyranoside is selective for the 2,3-diol moiety, in favour over the 3,4-position. 3, 4, 5, 6, 7, 8, 9 Under the typically employed acidcatalysed conditions using camphorsulfonic acid (CSA), (Scheme 1), acetal formation with 2,3-butanedione 1 in methanol, with trimethyl orthoformate as water capturing agent, both α-and β-methyl galactopyranosides 2 and 3 were reported to lead to the corresponding 2,3-protected BDA-products 4 and 5, with yields between 64 and 85%. The use of BF 3 •OEt 2 as Lewis-acid was also described for the selective protection of β-methyl galactoside, in 85% yield. 5 The selectivity for a diequatorial vicinal diol originates from the formation of a doubly anomerically stabilised BDA ring as shown in Scheme 1.
Scheme 1.
Regioselective BDA protection of methyl galactopyranosides.
While these reports describe isolation of 4/5 after chromatography, the formation of side products such as the corresponding 3,4-BDA regioisomer, or the anomerisation product at the methyl galactopyranoside acetal centre was never reported. The only exception is a report indicating that with α-methyl galactopyranoside as substrate, the use of 2,2,3,3-tetramethoxybutane 6 as reagent (instead of 2,3-butanedione 1), the 2,3-BDA adduct 4 was isolated (54%) as a 10:1 mixture of α,β-anomers. 
Results and Discussion
In our hands, protection of methyl α-D-galactoside 2 using either BF 3 •OEt 2 or CSA successfully led to the desired product 4 (65-78% yield). However, in both cases the formation of a number of byproducts was observed, with a higher R f than 4, which were difficult to remove by column chromatography. A non-negligible major byproduct could only be isolated as a mixture with 4, and NMR analysis could only reveal that the β-anomer 5 was not present.
To avoid a difficult separation on multigram scale, the mixture was subjected to benzylidene protection using standard conditions (Scheme 2). Fortunately, this led to two products with a very different retention factor (0.68 and 0.28; petroleum ether/EtOAc). A benzylidene acetal formation experiment on a "pure" mixture of 4 and the major byproduct (a fraction obtained by column chromatography) led to a mixture of two benzylidene acetal containing products in the same ratio. The NMR analysis readily identified the major compound as the expected acetal 7, a known compound. 7 For the pure byproduct 8, NMR analysis showed that the anomeric substituent had remained in the α-configuration, and that the BDA group was located at positions 2 and 3. The 1 H-13 C HMBC spectrum revealed a correlation between the benzylidene acetal proton and the carbon atoms at the 4-and 6-position, confirming the benzylidene acetal was present as a 6-membered ring at these positions. The 1 H-13 C HMBC spectrum also showed cross-peaks between H1 and C5, further indicating that the galactopyranoside ring structure was maintained.
Scheme 2. BDA protection, followed by benzylidene acetal formation of α-methyl galactoside allowed separation of the byproduct 8.
Fortunately, 8 proved crystalline, and its structure was elucidated by X-ray crystallographic analysis of suitable single crystals. Indeed, the configuration of both BDA acetal centers was found to be inverted compared to the compound 7. However, stabilisation through the anomeric effect still operates, with both methoxy groups in pseudo-axial position, leading to a deformation of the bisacetal ring to a twist-boat conformation, while both the galactoside and benzylidene rings still adopt a chair conformation (Figure 1 that the benzylidene acetal ring adopted a chair conformation, with an equatorial phenyl ring. Furthermore, when irradiating H2 or H3 for both isomers 7 and 8, only a very small correlation could be observed with the methyl groups of the bisacetal. Interestingly, a cross-peak (c) could be observed between the ortho aromatic protons and one OMe group for the minor isomer 8 only, allowing for assignment of the BDA OMe groups. Structurally, this correlation is only possible with this OMe group in axial position. Furthermore, a more significant correlation (d) could be witnessed between the same OMe group with H2, and with the other OMe group and H3 (e). This is in agreement with an axial position for the two methoxy groups with the methyl groups in equatorial position. To the best of our knowledge, there is only one confirmed case of a double BDA diastereomeric byproduct. Dilmaç et al report a crystal structure of 10 ( Figure 3 ), which was obtained by treating the corresponding triol with 2,2,3,3-tetramethoxybutane, trimethyl orthoformate and CSA. 10 Interestingly, these authors report that after 1 week of reaction, the ratio of 9 and 10 was 4:1 in favour of 10, while after two weeks, this had changed to 4:1 in favour of 9, suggesting that 10 is the kinetic isomer, and 9 is the thermodynamic one. of 7 was not improved after subsequent benzylidene protection. In fact, 7 was obtained as an 86:14 mixture, not with 8, but with the β-methyl galactoside anomer (not shown), a result which resembles that obtained by Montchamp et al. 4 Unfortunately, under BF 3 -catalysis, prolonging the reaction time of the BDA protection did not lead to an increase in yield (after subsequent benzylidene protection), though the amount of 8 was substantially lower.
Conclusion
In conclusion, we report on a hitherto unidentified byproduct of the BDA-protection of methyl α-galactopyranoside 1. It was shown that purification and isolation is very straightforward upon subsequent benzylidene protection. Interestingly, the byproduct arose from inversion of the BDA acetal centres, and not from galactoside anomerisation centre, or from regioisomeric BDA protection. Both X-ray crystallographic and NMR analysis show distortion of the BDA six-membered ring, evidently in order to allow maximal anomeric stabilisation by axially oriented OMe groups. To minimise formation of this byproduct, BDA protection of 2 is recommended under CSA catalysis with sufficient reaction time and temperature. 
Experimental section 4.1 Synthesis Methyl 4,6-O-benzylidene-2,3-O-((2'R,3'R)-2',3'-dimethoxybutane-2',3'-diyl)-α-Dgalactopyranoside 7 and methyl 4,6-O-benzylidene-2,3-O-((2'S,3'S)-2',3'-dimethoxybutane-2',3'-diyl)-α-D-galactopyranoside 8.
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